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ABSTRACT Regional myocardial blood flow was
measured in nine dogs at rest and during three levels of
treadmill exercise by using left atrial injections of
7-10-um radioactive microspheres. At rest, heart rate
was 76+3 beats/min (mean+=SEM), mean left ventricu-
lar myocardial flow was 0.94%0.09 ml/min/g and endo-
cardial flow (endo) exceeded epicardial flow (epi) in
all regions (endo/epi =1.12-1.33). When treadmill ex-
ercise was regulated to increase heart rates from 152+3
to 190+3 to 240+6 beats/min, myocardial blood flow
(MBF) to all regions of the left ventricle increased
linearly with heart rate (HR) from 1.83%0.11 to 2.75%
0.22 to 3.90+0.26 ml/min/g (MBF = 0.0175HR — 0.523
+0.614, r=0.87). Exercise abolished the gradient of
blood flow favoring the left ventricular endocardium at
rest, so that the endo/epi flow ratios were not signifi-
cantly different from 1.00. Right ventricular flows were
consistently less than corresponding left ventricular flows,
but showed a similar linear increase with heart rate.
Right ventricular endo/epi ratios were not different
from 1.00 either at rest or during exercise. Thus, exer-
cise resulted in increased myocardial blood flow to all
regions of the left and right ventricles with maintenance
of subendocardial flow equal to subepicardial flow.

INTRODUCTION

Although several studies have shown that proximal
coronary artery blood flow increases in response to ex-
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ercise (1-4), regional myocardial blood flow has not
been measured previously during exercise. Since per-
fusion of the subendocardial myocardium occurs princi-
pally during diastole, uniform transmural myocardial
perfusion requires a gradient of coronary vascular re-
sistance during diastole with resistance lower in the
subendocardium than the subepicardium. Exercise re-
sults not only in tachycardia with shortening of the in-
terval of diastole, but also in coronary vasodilation in
response to increased myocardial oxygen consumption
(5, 6). Because the generalized coronary vasodilation
resulting from exercise might limit the capacity of the
subendocardial vasculature to maintain resistance suffi-
ciently lower than in the subepicardium to compensate
for the shortened diastolic perfusion period, it is pos-
sible that subendocardial perfusion could be compromised
during exercise. This concept is supported by previous
studies in open-chest dogs which have suggested that
the subendocardial vasculature may be maximally di-
lated at rest and thus unable to increase blood flow in
response to increased myocardial oxygen demand (7, 8).
Consequently, the present study was performed to mea-
sure regional myocardial blood flow during exercise to
assess the transmural distribution of myocardial blood
flow.

METHODS

Nine adult mongrel dogs weighing 22-34 kg were anesthe-
tized with sodium thiamylal (40 mg/kg) and ventilated
with a Harvard respirator! A left thoracotomy was per-
formed in the fourth intercostal space. A polyvinyl chloride
catheter, 3 mm OD, was inserted into the left atrial cavity
via the atrial appendage and secured with a purse-string
suture. A polyvinyl chloride catheter, 3.5 mm OD, was
inserted into the root of the aorta via the left internal
thoracic artery. Both catheters were filled with heparin

1 Harvard Apparatus Co., Inc., Millis, Mass,
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and tunneled to a subcutaneous pouch at the base of the
neck. 7-10 days after surgery, training was begun to teach
the dogs to run on a motor-driven treadmill® Studies were
performed 17-21 days later when dogs were free from
fever, anemia, or other evidence of ill health.

On the day of the study, the left atrial and aortic cathe-
ters were exteriorized from the subcutaneous pouch using
2% lidocaine infiltration anesthesia. The arterial catheter
was attached to a Statham P37Db pressure transducer?®
mounted on the dog’s side and a polyethylene tube connected
to a constant rate withdrawal pump.* The left atrial catheter
was connected via a stiff polyethylene tube to a Statham
P23Db transducer mounted on the treadmill cage at the
level of the left atrium. Phasic and mean aortic and mean
left atrial pressures were recorded continuously on a direct-
writing oscillographic system.®

Measurements of regional myocardial blood flow were
made by using serial injections of carbonized microspheres®
7-10 um in diameter labeled with gamma-emitting nuclides
HCe, ®Cr, ®Sr, and “Sc. The microspheres were diluted
in 10% low molecular weight dextran so that 1.5 cm® the
volume injected, contained approximately three million
microspheres. This dosage was selected so that during
resting conditions each gram of myocardium would receive
a minimum of 500 microspheres assuming a coronary blood
flow of 5% of the cardiac output and heart weight of
150-200 g. This number of microspheres has been shown
to minimize error due to random distribution (9). Serial
injections of this quantity of microspheres resulted in no
measurable change in heart rate or blood pressure in the
dogs included in this study. Before each injection the micro-
spheres were thoroughly mixed by alternate agitation for at
least 15 min in an ultrasonic bath and Vortex agitator.”
Complete dispersion was verified by microscopic examina-
tion of a drop of the suspension. During each intervention,
1.5 cm® of the microsphere suspension was injected into the
left atrium over a 15-s interval via the previously implanted
catheter and flushed with 10-15 cm® of warm isotonic saline.
Beginning at the start of injection, a reference sample of
arterial blood was withdrawn from the aortic catheter at
a constant rate of 15.0 ml/min for 90 s. Hematocrits (36-
48%) were measured before and after each study and did
not vary appreciably during the study.

Measurements of myocardial blood flow were made dur-
ing quiet resting conditions while standing, and during light,
moderate, and heavy exercise on the treadmill. Light exer-
cise was defined as the speed and grade necessary to in-
crease heart rates to 140-170 beats/min. Moderate exercise
was regulated to increase heart rates to 180-210 beats/
min. Heavy exercise was the level of exercise necessary
to achieve heart rates greater than 220 beats/min. Mean
speed and grade for each exercise level were: light exercise
2.7 mph and 1% grade; moderate exercise 4.6 mph and 5%
grade; and heavy exercise 6.4 mph and 11% grade.

Microspheres were injected 45 s after a hemodynamic
steady state was achieved as monitored by heart rate and
blood pressure. The 45-s time interval was chosen because
previous investigators have shown that heart rate and
coronary artery blood flow reach a steady state 10-20 s

* Model 1849-D, Quinton Instruments, Seattle, Wash.
® Statham Instruments, Inc.,, Oxnard, Calif.
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® Nuclear Products Div., 3M Co., St. Paul, Minn.
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after the onset of exercise (1-4). Heart rate, mean arterial
pressure, and mean left atrial pressure were measured
direct'ly from the recording during rest and each level of
exercise.

At the completion of each study the dog was anesthetized
with sodium thiamylal and sacrificed with a lethal dose of
potassium chloride. The heart was removed and placed in
10% formalin for a 3-day period to facilitate sectioning.
The atrial tissue, right ventricle, pericardial fat, aorta, and
large surface vessels were then dissected from the left ven-
tricle. The mean heart weight was 160=12 g and mean
left ventricular weight was 105+29 g. The left ventricle
was sectioned into four transverse rings of approximately
equal thickness (Fig. 1). The two central sections which
constituted 61%7% of the left ventricular weight were then
divided into six regions: anterior wall, intraventricular
septum, posterior free wall, posterior papillary muscle re-
gion, lateral wall, and anterior papillary muscle region.
Each region was then sectioned into four equal transmural
layers from the epicardial to the endocardial surface (Fig.
1), weighed, and placed in vials for counting. For the
remainder of this paper, these layers will be referred to as
“layers 1 to 4,” layer 1 being the most epicardial layer
and layer 4 the most endocardial layer. Individual sample
weights ranged from 0.72 to 3.94 g with most samples
weighing 1.50-2.00 g.

In five of the dogs studied a section of the base and apex
of the right ventricular free wall was also sampled. Be-
cause of the smaller wall thickness, each section was cut
into only two layers representing epicardial and endocardial
myocardium.

The myocardial and blood reference samples were counted
in a gamma spectrometer at window settings selected to

FIGure 1 Illustrates the technique for sectioning the left
ventricle. The atrial tissue and right ventricle were removed,
as indicated by the stippled and lined area in the left hand
figure. The left ventricle was then sectioned into four trans-
verse sections and the two central sections, 2 and 3, were
subdivided into anterior free wall (4), septum (S), pos-
terior free wall (P), posterior papillary muscle region
(PP), lateral wall (L), and anterior papillary muscle re-
gion (AP). Each region was further subdivided into- four
equal layers from epicardium (layer 1) to endocardium
(layer 4).
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correspond to the peak energies of each nuclide. The counts
per minute recorded in each window were corrected for
background and overlapping counts of the accompanying
isotopes by a computer.® Blood flow (ml/min) to each
sample was computed by using the formula:

Fm -_—'Fr‘Cu/Cr

where Fm =sample blood flow (ml/min), F,= reference
blood flow (ml/min), Cm = counts per minute of each sam-
ple, C. =counts per minute of reference flow sample. Each
sample blood flow (ml/min) was divided by the sample
weight and expressed as milliliter per minute per gram of
myocardium.

The regional myocardial flows to rings 2 and 3 were
compared by using multiple paired # tests comparing each
region and layer in ring 2 with the corresponding specimen
in ring 3. The P values were adjusted by the Bonferonni
inequality (10) which corrects for performing multiple tests
on correlated data, i.e., each P value was multiplied by the
number of paired ¢ tests performed on each set of data
and a P value of <0.05 was required for statistical sig-
nificance. Since no statistically significant difference in myo-
cardial blood flow was found between any region in ring
2 and the corresponding region in ring 3, data from cor-
responding regions of rings 2 and 3 were pooled for sub-
sequent analysis. The transmural distribution of flow from
epicardium to endocardium was compared by performing
paired ¢ tests between layers 1 and 4. Similarly, right
ventricular flow distribution was analyzed by comparing
the flow to endocardial and epicardial layers by using paired
t tests. These P values were also corrected using the Bon-
feronni inequality.

Mean left ventricular flow for each intervention was de-
termined by averaging the flow to all regions sampled in
each dog, and regression equations for heart rate and the
product of heart rate and mean arterial pressure plotted
against mean left ventricular myocardial blood flow were
computed. Mean right ventricular flow for each interven-
tion was determined in the same manner for five dogs and
the regression equation for heart rate plotted against mean
right ventricular myocardial blood flow was computed. An
analysis of covariance was performed to compare the right
and left ventricular slopes.

RESULTS

Table I displays the mean hemodynamic data from nine
dogs during resting conditions and three levels of tread-
mill exercise. During quiet resting conditions, heart
rates ranged from 63 to 90 beats/min and mean arterial
pressures were 60-108 mm Hg. Left atrial pressures
were 0-5 mm Hg. During light exercise (heart rates
150-162 beats/min), mean arterial pressures ranged
from 90 to 122 mm Hg and were not significantly in-
creased from rest (P > 0.1). During moderate exercise
(heart rates 180-210 beats/min), mean arterial pressures
were 92-148 mm Hg. During heavy exercise (heart
rates 222-270 beats/min), mean arterial pressures
ranged from 100 to 138 mm Hg. Arterial pressures dur-
ing both moderate and heavy exercise were significantly
higher than at rest (P <0.05). Left atrial pressures

8 Model 1130, IBM Corp., Armonk, N. Y.

TABLE |

Hemodynamic Data
Mean left

Mean aortic atrial

Heart rate pressure pressure

beats/min mm Hg mm Hg
Rest 76+3 866 2+1
Light exercise 15243 102+4 6+1
Moderate exercise 19031 116£7* 4+1
Heavy exercise 240461 124451 542

Heart rate, mean aortic pressure, and mean left atrial pressure
of all dogs studied at rest and during light, moderate, and
heavy exercise. Values are mean=SEM. * denotes P < 0.05
and § denotes P < 0.01 in comparison with values at rest.

ranged from 1 to 12 mm Hg and did not increase sig-
nificantly during exercise.

Mean blood flow to all six regions and all transmural
layers of the left ventricle showed linear increases with
each level of exercise (P <0.01). The plots of heart
rate and the heart rate-mean arterial pressure product
with mean left ventricular myocardial flow are shown in
Figs. 2 and 3. The positive correlation between heart
rate and left ventricular flow (r=0.87) was not im-
proved by comparing the heart rate-blood pressure
product and left ventricular flow (r = 0.86).

Mean left ventricular regional myocardial blood flows
during quiet resting conditions and three levels of tread-
mill exercise are plotted in Fig. 4. During rest, mean
flow was 0.94%+0.09 ml/min/g and subendocardial flow
exceeded subepicardial flow in all six regions. Endocar-
dial/epicardial (endo/epi) flow ratios obtained by using
layer 4/layer 1 flows were 1.12-1.33 (Table II) and
significantly greater than 1.00 (P <0.05) except in
the anterior free wall and posterior papillary muscle
regions.

Exercise resulted in increases in mean left ventricular
flow from 1.83%+0.11 to 2.75%+0.22 to 3.90+0.26 ml/
min/g. Fig. 4 demonstrates that exercise resulted in in-
creases in myocardial blood flow to each layer of every
region of the left ventricle. However, light exercise pro-
duced greater increases in blood flow in layer 1 (mean
increase = 0.94%0.08 ml/min/g) than in layer 4 (mean
increase ==0.85%0.09 ml/min/g; P <0.02), resulting
in a significant decrease in mean endo/epi flow ratio
from 1.23 at rest to 1.08 during light exercise (P < 0.05)
(Table II). No additional change in endo/epi flow ratio
occurred during moderate exercise (mean endo/epi =
1.08), while during heavy exercise a statistically insig-
nificant additional decrease in mean endo/epi flow ratio
occurred (mean endo/epi = 0.98; P > 0.1). During all
three levels of exercise there was no significant differ-
ence between flow to the subepicardium and flow to the
subendocardium of any region studied.
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FIGURE 2 Mean left ventricular myocardial blood flow
(ml/min/g) plotted against heart rate (beats/min) for
each dog studied at rest, and during light, moderate, and
heavy exercise. The regression equation =SE of the esti-
mate is shown.

Mean right ventricular myocardial blood flows during
rest and three levels of exercise are presented in Table
III. Right ventricular myocardial blood flow (RVF) at
rest (0.54+0.02 ml/min/g) also increased linearly with
heart rate (HR) during each level of exercise from
1.20%0.07 to 1.99+0.13 to 3.11+0.19 ml/min/g (RVF =
0.015HR — 0.846::0.495, r = 0.90). Analysis of covari-
ance demonstrated that the slope of the right ventricular
regression equation was not significantly different from
the left ventricular regression equation (P > 0.4). Flow
to regions near the apex showed the same increases as
did regions near the base of the right ventricle. At rest
and during each exercise level, mean right ventricular
flow per gram of myocardium was significantly less than
the corresponding left ventricular flow (right ventricular
flow = 57-80% of left ventricular flow). Right ventricu-
lar endocardial flow was not different from epicardial
flow during rest and all three levels of exercise (P >
0.1).

DISCUSSION

The increases in mean myocardial blood flow during
exercise in the present study were similar to those re-
corded in previous studies both in dogs in which proxi-
mal coronary artery blood flow was measured with
electromagnetic flowmeters (1-4) and in humans where
myocardial blood flow was estimated by the nitrous oxide
saturation method (11). It is of interest that the regres-
sion equation relating mean left ventricular myocardial
blood flow (MBF) to heart rate (HR) observed in the
present study (MBF =0.0175HR - 0.532, r=0.87)
compares very well with the relationship observed in
humans during upright exercise (MBF =0.0187HR

—0.650, r=0.82) (11). Thus, the absolute values for
myocardial blood flow and the response of myocardial
blood flow to exercise is remarkably similar in the hu-
man and in the dog.

Although coronary blood flow measured with electro-
magnetic or ultrasonic coronary artery flowmeters has
been reported to increase in response to exercise, regional
myocardial blood flow during exercise has not been
measured previously. The radionuclide-labeled micro-
sphere technique, utilized in the present study for esti-
mation of regional myocardial blood flow, has been veri-
fied previously for measurement of both total organ flow
and flow to small regions of left ventricular myocardium.
In anesthetized open-chest dogs, using microspheres 155
p#m in diameter, Becker, Fortuin, and Pitt (12) observed
left ventricular endo/epi blood flow ratios of 1.04 to
1.17. Similarly, Buckberg, Fixler, Archie, and Hoffman
(13), using 7-10-um microspheres in open-chest dogs,
found endo/epi ratios of 1.01+0.07. This uniform trans-
mural distribution of small microspheres is similar to
that observed with diffusible indicators such as *RbCl or
antipyrine and appears to acceptably reflect distribution
of myocardial blood flow (14-16).

Transmural myocardial blood flow distribution in
resting awake dogs appears slightly different from that
observed in open-chest animals in that subendocardial
flow exceeds flow to the subepicardial myocardium in
awake dogs. Thus, in the awake dogs in the present
study, as well as those reported by Cobb, Bache, and
Greenfield (17), the ratio of endo/epi blood flow was
significantly greater than unity during resting condi-
tions. That this does in fact represent a significant dif-
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FiGure 3 Mean left ventricular myocardial blood flow
(ml/min/g) plotted against the product of heart rate X
mean arterial pressure X 10® (beats/min X mm Hg) for
each dog studied at rest, and during light, moderate, and
heavy exercise. The regression equation ®=SE of the esti-
mate is shown.
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FIGure 4 The mean left ventricular myocardial blood flow (ml/min/g) *=SEM to all regions

and layers measured during rest, light exercise, moderate exercise, and heavy exercise.

ference in flow distribution between awake and open-
chest dogs was shown by Cobb et al. (17) who found
that pentobarbital anesthesia and acute thoracotomy
abolished the transmural gradient favoring the subendo-
cardium. In the dogs reported in this study, all three
levels of exercise also abolished the gradient of flow
favoring the subendocardium which was present at
rest. The reason that subendocardial blood flow exceeds
subepicardial flow in the resting awake dog remains

unclear. Likewise, the mechanisms resulting in abolition
of this gradient during anesthesia or exercise are un-
known and not necessarily similar for the two situations.

It is apparent from the data presented in Fig. 4 that
subendocardial flow was able to increase regularly with
each increasing level of exercise so that during light
and moderate exercise the subendocardial vasculature
clearly did possess the capacity for further vasodilation.
Thus, at least during light and moderate exercise sub-
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TaBLE 11
Left Ventricular Endocardial/Epicardial Flow Ratios

Anterijor Posterior
papillary papillary
Anterior region Posterior region Septum Lateral
Rest 1.12 1.33% 1.27% 1.16 1.22* 1.26%
Light exercise 1.06 1.23* 1.00 1.09 1.03 1.05
Moderate exercise 0.97 1.16 1.04 1.10 1.01 1.18
Heavy exercise 0.95 1.14 0.91 1.00 0.90 1.00

Tabulation of endocardial (layer 4)/epicardial (layer 1) flow ratios of each region of the left ven-
tricle at rest and during light, moderate, and heavy exercise. P values are for ratios significantly
different from 1.00. * denotes P < 0.05 and } denotes P < 0.01).

endocardial flow potentially could have been maintained
at a higher level to retain the gradient of flow favoring
the subendocardium which was observed at rest. Since
no attempt was made to determine whether subendo-
cardial flow could be further increased during the heavy
exercise period, it is possible that during this time
subendocardial flow had approached its upper limit.
Without some measurement of oxygen consumption or
other metabolic parameter, one cannot be certain that
equality of blood flow to the endocardium and epicardium
represents “adequate” distribution of myocardial flow.
However, the data do suggest that at least during the
light and moderate exercise periods abolition of the
gradient of flow favoring the subendocardium did not
result from inability of the subendocardial vasculature
to further augment flow.

Using intramyocardial polarographic electrodes, previ-
ous investigators (7, 8) have reported lower intramyo-
cardial oxygen tensions in the subendocardium than in
the subepicardium and have used this data to support
the hypothesis that the subendocardium does not re-
ceive adequate blood flow to satisfy its metabolic needs.
From these studies, they have suggested that the suben-
docardial vasculature is maximally dilated during rest-
ing conditions and thus unable to dilate further in re-

sponse to increased oxygen demands. In contrast to this
hypothesis, measurements of regional myocardial blood
flow in the present study showed a marked ability of the
coronary vasculature to increase blood flow in all trans-
mural layers during exercise. Thus, the subendocardial
vasculature was clearly not maximally dilated at rest,
but was able to further dilate during exercise to main-
tain the gradient of diastolic flow favoring the subendo-
cardium so that endocardial flow was not significantly
different from epicardial flow.

In the present study, mean right ventricular flow per
gram at rest was 57% of mean left ventricular flow.
Since systolic tension development is a major deter-
minant of myocardial oxygen consumption, the lower
blood flow to the right ventricle may be related to the
lower systolic tension of the right ventricle. Although
the right ventricular myocardium received less blood
at rest than the left ventricle, exercise resulted in similar
increases in myocardial blood flow to both ventricles as
evidenced by the similar slopes of the right and left ven-
tricular regression plots of blood flow and heart rate.
Furthermore, transmural blood flow to the right ventric-
ular wall remained uniform during exercise.

Thus, exercise resulted in linear increases of myo-
cardial blood flow to both right and left ventricles. Fur-

TasLE III )
Myocardial Blood Flow to Right Ventricle

Right ventricular myocardial blood flow

Base Apex
Heart rate Epi Endo Epi Endo
beats/min ml/min/g
Rest 78+4 0.514+0.05 0.57£0.05 0.53£0.05 0.55+£0.03
Light exercise 156+3 1.14+£0.17 1.224+0.20 1.254+0.13 1.18+0.16
Moderate exercise 18542 1.824+0.30 1.99+0.33 2.00+0.33 2.160.30
Heavy exercise 242411 3.0840.53 3.08+0.50 3.0540.40 3.23+0.55

Mean=+SEM of the heart rate and myocardial blood flow to the endocardial (endo) and epicardial (epi) layers
of base and apex regions of the right ventricle at rest and during light, moderate, and heavy exercise.
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thermore, despite the tachycardia and coronary vaso-
dilation associated with exercise, the coronary vascula-
ture was able to increase blood flow to all regions of the
right and left ventricles and still maintain a sufficient
diastolic gradient of flow to sustain subendocardial blood
flow equal to that in the subepicardium.
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